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Abstract 
 
Solid oxide fuel cells (SOFCs) are recognized as next-generation environmentally friendly energy 
conversion devices due to their high energy conversion efficiency, fuel flexibility, efficient 
reclamation of waste heat, and low pollutant emissions. Nevertheless, the commercialization of 
SOFCs has been impeded by reason of some issues associated with the high operating temperatures 
(800-1000oC) such as undesired reactions between cell components, high cost, and material 
compatibility challenges. Thus, reducing the operating temperatures toward an intermediate-
temperature range (600-800oC) is essential to overcome the aforementioned problems. In 
intermediate-temperature SOFCs (IT-SOFCs), however, electrocatalytic activity toward oxygen 
reduction reaction at the cathode is significantly decreased, which in turn causes insufficient fuel cell 
performance. Current researches, therefore, have been focused on enhancing the performance of 
cathode for effective IT-SOFC operation. 
In this regard, the infiltration method could be an excellent cathode fabrication method, considering 
its outstanding advantages toward intermediate temperature operation. First, each optimized sintering 
temperature of cathode and electrolyte can be applied, ensuring the favorable characteristics for IT-
SOFC operation. Second, due to relatively low sintering temperature, nano-structured cathodes can be 
formed, resulting in enlarged surface area and enhancement of electrochemical performance. Finally, 
long-term stability is improved because the thermal expansion coefficient between cathode and 
electrolyte is minimized. 
 
This thesis mainly focuses on the fabrication of SOFC cathode by the infiltration method to achieve 
high fuel cell performance in the intermediate temperature range. Herein, my research paper studying 
infiltrated cathode materials for IT-SOFC is presented as follows. 
 
- A Nano-structured SOFC Composite Cathode Prepared via Infiltration of 
La0.5Ba0.25Sr0.25Co0.8Fe0.2O3-δ into La0.9Sr0.1Ga0.8Mg0.2O3-δ for Extended Triple- Phase Boundary 
Area 
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Chapter 1. Introduction 
 
1.1 Motivation and Research Objective 
 
In recent decades, most of the energy supplies have relied on fossil fuels such as coal, oil and natural 
gas. The chemical energy of fossil fuels is converted into electrical energy through the combustion 
process. In fossil fuel combustion, hydrocarbon dioxide reacts with oxygen, and carbon dioxide, steam, 
and heat are produced. As the worldwide population and energy demand increase, the amount of 
atmospheric carbon dioxide increases, accelerating global warming. To overcome this environmental 
issue and finite fossil fuel supplies problem, the environmental-friendly energy storage and conversion 
devices need to be developed. 
In these regards, solid oxide cells (SOCs) have attracted great attention as next-generation renewable 
energy conversion devices because of their high efficiency, fuel flexibility, and low pollutant 
emissions. SOCs can operate in two ways: fuel cell and electrolysis mode. In the fuel cell mode, the 
chemical energy of fuels is directly converted into electrical energy. In the electrolysis mode, 
electricity is used to produce fuels such as hydrogen and synthetic fuels. Generally, conventional 
SOCs operate in the temperature range of 800oC to 1000oC. These high operating temperatures, 
however, cause serious commercialization challenges including high degradation rates, materials cost 
issues, and material compatibility problems. To avoid those problems related to the high-temperature 
operation, the operating temperature of SOCs should be reduced down to an intermediate temperature 
range (600-800oC). Unfortunately, the electrocatalytic activity of electrode materials is decreased in 
the intermediate temperature range, resulting in insufficient fuel cell performance. Especially, the 
oxygen reduction reaction activities at the cathode should be enhanced for the excellent cell 
performances. In this regard, the infiltration method could be an excellent cathode fabrication method 
due to its outstanding advantages. Therefore, my research focuses on the fabrication of solid oxide fuel 
cell cathode by an infiltration method in order to achieve high cell performance in the intermediate 
temperature range. 
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1.2 General Introduction of Solid Oxide Fuel Cell (SOFC) 
 
1.2.1 Basic of Fuel Cell 
 
With global energy and environmental concerns growing, many researchers have been widely studying 
clean and renewable energy devices. Fuel cells are the most attractive energy devices to solve 
worldwide energy and environmental issues because, in theory, they can produce unlimited electricity 
by supplying fuel infinitely. Also, fuel cells directly convert the chemical energy of fuels into electrical 
energy, which has higher energy conversion efficiency than combustion engines. Hydrogen fuel cells, 
a typical type of fuel cells, are environmentally friendly because the product of the chemical reaction 
is only water and heat. Hydrogen fuel cells produce electrical energy through electrochemical 
reactions at two opposite sites as follows: 
 
 𝐻2 ↔ 2𝐻
+ + 2𝑒− (1.1) 
 1
2
𝑂2  +  2𝐻
+ + 2𝑒− ↔ 𝐻2𝑂  (1.2) 
 𝐻2 +  
1
2
𝑂2  ↔  𝐻2𝑂  (1.3) 
 
In hydrogen fuel cells, the hydrogen oxidation reaction takes place at the anode as shown in equation 
1.1, while the oxygen reduction reaction occurs at the cathode as shown in equation 1.2. Hydrogen 
ions move from the anode to the cathode through the electrolyte, and electrons are transferred by an 
external circuit. Considering that the reaction product is only water, as can be seen in equation 1.3, the 
fuel cell will be an outstanding solution to future energy and environmental problems if hydrogen is 
supplied by eco-friendly way continuously. Fuel cells can be categorized according to the type of 
electrolyte and operating temperature as shown in Table 1.1.1 
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Alkaline 
Fuel Cell 
(AFC) 
 
Phosphoric 
Acid Fuel 
Cell (PAFC) 
Polymer 
Electrolyte 
Membrane 
Fuel Cell 
(PEMFC) 
Direct 
Methanol 
Fuel Cell 
(DMFC) 
Molten 
Carbonate 
Fuel Cell 
(MCFC) 
 
Solid Oxide 
Fuel Cell 
(SOFC) 
Electrolyte Alkali 
Phosphoric 
acid 
Polymer 
membrane 
Polymer 
membrane 
Molten 
carbonate 
Ceramic 
Operating 
temperature 
(oC) 
50 - 200 150 - 200 50 - 100 50 - 110 600 - 700 600 - 1000 
Mobile ion OH- H+ H+ H+ CO32- O2- 
Primary 
Fuel 
Hydrogen Hydrogen Hydrogen Methanol 
Hydrogen, 
Methane 
Hydrogen, 
Hydrocarbon 
fuel (CH4, 
C3H8) 
 
Table 1.1. Types of fuel cells according to their characteristics. 
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1.2.2 Basic Operating Principle of SOFC 
 
Solid oxide fuel cells (SOFCs) directly convert the chemical energy of fuel into electrical energy 
without Carnot-cycle efficiency restriction. As can be seen in Figure 1.1, SOFCs consist of cathode, 
anode, and electrolyte. The cathode must withstand the highly oxidizing condition in high-temperature 
operation, while the anode must endure the highly reducing environment in high-temperature 
operation.2 Also, each electrode should have a porous structure for smooth gas diffusion. At the 
cathode, oxygen ions are produced by the oxygen reduction reaction (ORR) as shown in equation 1.4. 
 
 𝑂2 + 4𝑒
−  →  2𝑂2− (1.4) 
 
These oxygen ions pass through the dense ceramic electrolyte. Then, hydrogen oxidation reaction 
(HOR) occurs by combining hydrogen with oxygen ions at the anode, producing water and electrons 
as shown in equation 1.5. 
 
 2𝐻2  + 2𝑂
2−  → 2𝐻2𝑂 + 4𝑒
− (1.5) 
 
These electrochemical reactions, ORR and HOR, occur at the triple-phase boundary (TPB) area where 
the gas phase, electronic phase, and ionic phase come into contact with each other. 
 
 
Figure 1.1. Schematic of solid oxide fuel cell operation. 
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1.2.3 Advantages and Challenges of SOFC 
 
SOFCs generally adopt solid oxide-based electrode and electrolyte materials and operate at high 
temperatures (800-1000oC). Conventional SOFCs have much higher energy conversion efficiency than 
combustion engines because they directly convert the chemical energy of fuel into electrical energy. 
Moreover, it can be possible to improve efficiency by utilizing high-quality waste heat. Since the 
hydrocarbon fuel can be used directly without external reforming process, SOFCs have flexibility and 
convenience for fuel use. Finally, SOFCs are environmentally-friendly devices because it can reduce 
emissions of air pollutants such as CO2, NOx, and SOx if hydrogen is used as a fuel. Nevertheless, the 
commercialization of SOFCs has been impeded by some issues derived from a high-temperature 
operation such as material durability issues, cost competitiveness, sealing and interconnect problems, 
and thermal stress between cell component.2 Hence, researches are being actively conducted to lower 
the operating temperature to the intermediate-range (600-800oC).3-5 Intermediate temperature solid 
oxide fuel cell (IT-SOFC) can alleviate the drawbacks of high-temperature operation while retaining 
the advantages of conventional SOFC. However, it is essential to develop materials that maintain high 
electrocatalytic activity and stability even in the intermediate temperature range, since lower operating 
temperatures reduce the electrocatalytic activity of the electrode material and the ionic conductivity of 
the electrolyte. 
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1.3 Theoretical Background 
 
1.3.1 Fundamental Thermodynamics of SOFC 
 
In SOFC, the Gibbs free energy of the combustion reaction of a fuel and an oxidant is directly 
converted into electrical energy. A reversible fuel cell is governed by the first and the second law of 
thermodynamics. Equation 1.6 shows the first law of thermodynamics.6 
 
 𝑞 + 𝑤 = ∆𝐻 (1.6) 
 
The molar reaction enthalpy (∆𝐻) of the oxidation is comprised of work and heat energy. The second 
law of thermodynamics governs the reversibility of the transport process and is applied to reversible 
processes as following equation 1.7 
 
 
∮ 𝑑𝑆 = 0 →  𝑞 = 𝑞𝑟𝑒𝑣 = 𝑇∆𝑆 
(1.7) 
 
We can redescribe as equation 1.8 because the reversible heat exchange with the environment 
equalizes the generated reaction entropy, 
 
 𝑞𝑟𝑒𝑣 + 𝑤𝑟𝑒𝑣 = ∆𝐻 (1.8) 
 
The reaction entropy (∆𝑆) is a result of the different opportunities of the species to save thermal energy 
between the absolute zero level of temperature and the temperature level of the reactor. Combining 
equation 1.4 and equation 1.5, we can derive molar reversible work (𝑤𝑟𝑒𝑣), 
 
 𝑤𝑟𝑒𝑣 = ∆𝐻 −  𝑇∆𝑆 (1.9) 
 
The reversible work of the reaction is identical with the Gibbs free energy of the reaction with the 
ambient temperature as a reference for the calculation of the Gibbs free energy. 
 
 𝑤𝑟𝑒𝑣 = ∆𝐺 = ∆𝐻 −  𝑇∆𝑆 (1.10) 
 
Thermodynamic potentials can be utilized to identify the energy transfer from one form to another on 
the basis of the first and second law of thermodynamics. Using the first and second law of 
12 
 
thermodynamics, internal energy can be described by the variation of two independent variables of 
entropy (S) and volume (V) where p is the pressure and T is the temperature.7  
 
 𝑑𝑈 =  𝑇𝑑𝑆 −  𝑝𝑑𝑉 (1.11) 
 
In equation 1.11, 𝑇𝑑𝑆 is the reversible heat transfer and 𝑝𝑑𝑉 is the mechanical work. The following 
equations present how the dependent variables (T and p) are related to variations in the independent 
variables (S and V): 
 
 
(
𝑑𝑈
𝑑𝑆
)𝑉 =  𝑇 (1.12) 
 
(
𝑑𝑈
𝑑𝑉
)𝑆 = −𝑝 (1.13) 
 
U can be rewritten by a Legendre transform with defining the new thermodynamic potential G (T, p) 
as follows:  
 
 
𝐺 = 𝑈 − (
𝑑𝑈
𝑑𝑆
)𝑉𝑆 − (
𝑑𝑈
𝑑𝑉
)𝑆𝑉 (1.14) 
 
From equation 1.12 and 1.13, equation 1.15 can be obtained as follows: 
 
 𝐺 = 𝑈 − 𝑇𝑆 + 𝑝𝑉 (1.15) 
 
The variation of G results in  
 
 𝑑𝐺 = 𝑑𝑈 − 𝑇𝑑𝑆 − 𝑆𝑑𝑇 + 𝑝𝑑𝑉 + 𝑉𝑑𝑝 (1.16) 
 
From equation 1.11, we obtain 
 
 𝑑𝐺 = −𝑆𝑑𝑇 + 𝑉𝑑𝑝 (1.17) 
 
The new thermodynamic potential (H) is defined as follows: 
 
 
𝐻 = 𝑈 −  (
𝑑𝑈
𝑑𝑉
)𝑆𝑉 (1.18) 
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According to equation 1.13, equation 1.18 can be transformed into as follows: 
 𝐻 = 𝑈 + 𝑝𝑉 (1.19) 
 
where H designates enthalpy. Using differentiation, H can be defined by a function of S and p. 
 
 𝑑𝐻 = 𝑑𝑈 + 𝑝𝑑𝑉 + 𝑉𝑑𝑝 (1.20) 
 𝑑𝐻 = 𝑇𝑑𝑆 + 𝑉𝑑𝑝 (1.21) 
 
The difference of Gibbs free energy of formation for the overall reaction of SOFC can be presented as 
follows: 
 
 ∆𝐺 = ∆𝐺𝐻2𝑂 − ∆𝐺𝐻2 −
1
2
∆𝐺𝑂2  
(1.22) 
 
Assume all the Gibbs free energy is consumed to electrical work, then 
 
 ∆𝐺 = −𝑛𝐹𝐸 (1.23) 
 
where n, F, and E indicate the number of electrons involved in the chemical reaction, the Faraday 
constant, and the reversible potential, respectively. The reversible standard potential (E0) of the 
electrochemical reaction can be defined as equation 1.24 if the reactants and products are all in their 
standard states, 
 
 
𝐸0 = −
∆𝐺0
𝑛𝐹
 (1.24) 
 
The standard electrode potential can be calculated by substituting the standard state values (T = 273.15 
K, p = 1 atm) into equation 1.24. 
 
    𝐸0 =  
2379000 𝐽 𝑚𝑜𝑙−1
2×96485 𝐶 𝑚𝑜𝑙−1
 = 1.23 V (1.25) 
 
The theoretical reversible potential (Eth) is derived by the Nernst equation, 
 
𝐸𝑡ℎ = 𝐸
0 − (
𝑅𝑇
2𝐹
) ln (
𝑃𝐻2𝑂
𝑃𝐻2𝑃𝑂2
1
2
)  (1.26) 
where R is the gas constant, T is the absolute temperature, and p is the partial pressure of each gas. 
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1.3.2 Performance of SOFC 
 
The performance of SOFC can be described with a current-voltage (i-V) curve. The current-voltage 
curves display the output voltage of the SOFC for a given current density. In practice, the real SOFCs 
deliver less power than ideal SOFCs due to several polarization losses.2 The power output can be 
calculated as the product of current and voltage. 
 
 𝑃 = 𝑖𝑉 (1.27) 
 
The ideal and real SOFC i-V characteristics are shown in Figure 1.2.  
Figure 1.2. Schematic of fuel cell i-V curve. 
 
The polarization losses, also known as overpotential () cause the difference between 
thermodynamically predicted fuel cell voltage and actual fuel cell voltage. The real cell voltage can be 
written as equation 1.28, 
 
 𝑉 = 𝐸𝑡ℎ𝑒𝑟𝑚𝑜 − 𝜂𝑎𝑐𝑡 − 𝜂𝑜ℎ𝑚𝑖𝑐 − 𝜂𝑐𝑜𝑛𝑐 (1.28) 
 
The polarization losses are composed of activation polarization which is in charge of the initial part of 
the voltage curve, ohmic polarization which is in charge of the slow voltage drop in the middle region 
of the voltage curve, and concentration polarization responsible for the end section of the voltage 
curve. These polarization losses will be explained in detail as follows: 
15 
 
Activation Polarization 
 
Activation polarization is related to the reaction kinetics. To overcome the activation barrier, partial 
loss of the voltage should be entailed to enhance the reaction rate. This voltage loss is named as 
activation polarization. The relationship between the current density and the activation polarization 
can be described by the Butler-Volmer equation as 
 
 
𝑗 = 𝑗0 [𝑒
𝛼𝑛𝐹𝜂𝑎𝑐𝑡
𝑅𝑇 − 𝑒−
(1−𝛼)𝑛𝐹𝜂𝑎𝑐𝑡
𝑅𝑇 ] (1.29) 
 
where j is the current density, j0 is the exchange current density,  is the charge transfer coefficient, 
and  is the activation polarization. The Butler-Volmer equation states that voltage loss will be higher 
if we want to get more electricity from the fuel cell. 
 
Ohmic Polarization 
 
The inevitable voltage loss occurs during the charge transport process due to intrinsic resistance of a 
conductor. We call it as ohmic polarization (ohmic) because it obeys Ohm`s law.  
 
 𝜂𝑜ℎ𝑚𝑖𝑐 = 𝑖𝑅𝑜ℎ𝑚𝑖𝑐 = 𝑖(𝑅𝑒𝑙𝑒𝑐 + 𝑅𝑖𝑜𝑛𝑖𝑐) (1.30) 
 
where Relec and Rionic indicate the electronic contribution and the ionic contribution to fuel cell 
resistance, respectively. Ohmic polarization losses can be minimized by reducing the thickness and 
increasing the conductivity of the electrolyte. 
 
Concentration Polarization 
 
Fuel cell mass transport contains the process of supplying reactants and removing products. The poor 
mass transport, however, leads to fuel cell performance degradation. This loss in performance is 
described as concentration polarization. The general form of the concentration polarization can be 
generalized as the following equation. 
 
𝜂𝑐𝑜𝑛𝑐 = 𝑐 𝑙𝑛
𝑗𝐿
𝑗𝐿 − 𝑗
 (1.31) 
 
where c is a constant that relies on the geometry and mass transport properties of the fuel cell and jL is 
the limiting current density. 
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1.3.3 Electrochemical Reaction Mechanism in SOFC Cathode 
 
In SOFC cathode, oxygen reduction reaction (ORR) occurs through the following electrochemical 
reaction 
 
 O2,gas + 2VO
⋅⋅ + 4e′ → 2O𝑂
𝑥  (1.32) 
 
where VO
⋅⋅ is a vacant oxygen site, and O𝑂
𝑥  is an oxygen ion on a regular oxygen site in the 
electrolyte lattice. This reduction mechanism contains several basic electrochemical steps including 
adsorption, dissociation, surface diffusion, and charge transfer.8 The ORR reaction occurs at the 
electrochemically reactive site where ionic conducting phase, electronic conducting phase and gas are 
in contact with each other. This reaction site is called the triple-phase boundary (TPB) site. The simple 
schematic illustration of the ORR mechanism and TPB site is presented in Figure 1.3. 
 
 
Figure 1.3. Schematic illustration of the triple-phase boundary (TPB) concept in SOFC cathode. 
 
For more details, Adler et al. outlines a continuum model of the ORR mechanism at a mixed ionic-
electronic conductor (MIEC)/electrolyte interface.9 In this model, the oxygen molecule is chemically 
reduced to oxygen ion at the MIEC/gas interface. Then oxygen ion moves through the MIEC by solid-
state diffusion. The chemical exchange of oxygen at the MIEC/gas interface was regarded as a non-
charge transfer process. Figure 1.4 illustrates the simplified mechanisms of oxygen reduction at the 
17 
 
cathode. 
 
 
 
Figure 1.4. Some mechanisms thought to govern oxygen reduction in SOFC cathodes. Phases , , 
and  refer to the electronic phase, gas phase, and ionic phase, respectively: (a) Incorporation of 
oxygen into the bulk of the electronic phase (if mixed conducting); (b) adsorption and/or partial 
reduction of oxygen on the surface of the electronic phase; (c) bulk or (d) surface transport of O2- or 
On-, respectively, to the / interface, (e) Electrochemical charge transfer of O2- or (f) combinations of 
On- and e-, respectively, across the / interface, and (g) rates of one or more of these mechanisms 
wherein the electrolyte itself is active for generation and transport of electroactive oxygen species.9 
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1.3.4 Materials for SOFC Cathode 
 
The general requirements for outstanding SOFC cathode materials are described as following.10 
 
➢ High electrocatalytic activity for the ORR. 
➢ Sufficient electronic conductivity 
➢ Minimized thermal expansion coefficient mismatch between cathode and electrolyte. 
➢ Long-term stability under operating conditions. 
➢ Optimized microstructures for the overall reaction. 
 
In this section, the characteristics of perovskite oxide and double perovskite oxide as cathode materials 
will be discussed.  
 
1.3.4.1 Simple Perovskite Oxide 
 
The ideal type of perovskite oxides (ABO3) has a cubic structure. The A-site cations are larger than B-
site cations and coordinate with twelve oxygen anions. The B-site cations are smaller than A-site 
cations and coordinate with six oxygen anions.11 In this structure, rare-earth or alkaline-earth metal 
elements are used as A-site dopant and transition metal elements are used as B-site dopant. To 
determine the structural stability of perovskite oxides, the tolerance factor (t) can be used as a criterion 
for the deviation from the ideal cubic structure.12 The tolerance factor can be described as the 
following equation, 
 
 
𝑡 =
(𝑟𝐴 + 𝑟𝑂)
√2(𝑟𝐵 + 𝑟𝑂)
 (1.33) 
 
where 𝑟𝐴, 𝑟𝐵,  and 𝑟𝑂 represent the ionic radius of A-site ion, B-site ion, and oxygen, respectively. 
The perovskite-structured mixed ionic and electronic conductors (MIECs) have been extensively 
studied for SOFC cathode due to their excellent catalytic activity. Among them, cobalt-containing 
perovskite oxides such as Ba0.5Sr0.5Co0.8Fe0.2O3-, La0.6Sr0.4Co0.2Fe0.8O3-, and Sm0.5Sr0.5CoO3 have 
attracted great attention as promising cathode materials.13-16 Notwithstanding their attractive 
advantages, some drawbacks such as high cost of cobalt and TEC mismatch between electrolyte and 
electrode need to be solved. 
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1.3.4.2 Double Perovskite Oxide 
 
The double perovskite oxides have the general formula of AA’B2O5+ , where A, A’ and B are trivalent 
lanthanide ion, alkaline earth metal, and first-row transition metal ion, respectively. In this structure, A 
and A’ cations are ordered along the c-direction. Double perovskite oxides have received wide 
attention due to their much higher oxygen ion diffusivity and a surface exchange coefficient than 
simple perovskite oxides.17-18 Especially, LnBaCo2O5+ (Ln = La, Pr, Nd, Sm, and Gd) compounds 
show fast oxygen kinetics and high mixed ionic and electronic conductivity.3,18-22 
 
 
1.4 Advantages of Infiltration Method 
 
It is necessary to develop superior electrode and electrolyte materials for outstanding SOFC 
performances. However, SOFC performances may vary depending on the electrode fabrication 
processes. Conventional electrode fabrication methods employ the deposition of electrode materials 
onto an electrolyte. For example, the deposited electrode composition can be electronic conductor 
alone, a mixture of electronic and ionic conductor, mixed ionic and ionic conductor (MIEC) alone, and 
MIEC with an ionic conductor. To ensure excellent performances with this method, each sintering 
temperature of electrolyte and electrode materials in the composite mixture should be carefully 
optimized. In this regard, the sintering temperature dilemma arises. The electrolyte materials in the 
composite mixture which act as ionic conducting phase require a high sintering temperature to ensure 
a good connection between the electrode and the electrolyte. On the other hand, the electrode materials 
which act as electronic conducting phase need to avoid too high sintering temperatures in order to 
prevent solid-state reactions with electrolyte materials in the composite and to obtain high 
performances.23-25 Infiltration method can solve this dilemma and has additional advantages in 
electrode fabrication. First, it separates the sintering temperature of electrolyte and electrode, resulting 
in maximized respective functionalities. Various materials can be selected as an active phase due to 
reduced sintering temperature. Second, nano-structured electrodes can be established, providing a high 
surface area which is beneficial for gas diffusion and performance enhancement. Finally, thermal 
expansion coefficient (TEC) mismatch between electrolyte and electrode can be minimized. Based on 
these advantages, the infiltration method has attracted great attention as a promising electrode 
fabrication technique. 
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Chapter 2. A Nano-structured SOFC Composite Cathode Prepared via 
Infiltration of La0.5Ba0.25Sr0.25Co0.8Fe0.2O3-δ into La0.9Sr0.1Ga0.8Mg0.2O3-δ for 
Extended Triple-Phase Boundary Area 
Reprinted with permission from J. Electrochem. Soc., 166, F805-F809 (2019). Copyright 2019, The 
Electrochemical Society. 
 
2.1 Introduction 
 
The worldwide global warming issues and limited fossil fuel supplies have been urging to develop 
next-generation renewable energy technologies.1–3 Solid oxide fuel cells (SOFCs) have received great 
attention as promising energy devices with key benefits of low pollutant emissions, high energy 
conversion efficiency, and excellent fuel flexibility. Despite these attractive advantages, the high 
operating temperature of conventional SOFCs (800–1000°C) causes commercialization challenges 
including thermal stress between cell component, cost issues, and material compatibility problems. To 
make this device commercially feasible, the operating temperature should be further reduced down to 
an intermediate temperature range (500–700°C).4–8 
Unfortunately, electrochemical performance is significantly deteriorated as the operating temperature 
is reduced, particularly due to the high polarization resistance (Rp) at the cathode. This implies that the 
development of electro-catalytically active cathode materials is imperative for sufficient oxygen 
reduction reaction (ORR) activities at lower operating temperatures. In this regard, mixed ionic and 
electronic conductors (MIECs), showing both electronically and ionically conductive properties, have 
been widely used as cathode materials. The MIECs could extend the reaction sites for ORR not only at 
the triple phase boundary (TPB) where the electronic conductor, ionic conductor, and gas meet 
simultaneously but also on the whole surface of MIECs, providing significantly improved SOFC 
performances.9,10 
To further reduce the cathode Rp, an effective approach is to fabricate a composite configuration with 
cathode and electrolyte material for increasing electronic and ionic conduction path.11 Typically, a 
conventional composite fabrication process (Figure 2.1(a)) requires high-temperature sintering step by 
mixing with cathode and electrolyte powders.12 Such a high sintering temperature causes undesired 
interfacial reactions between the cathode and electrolyte material in the composite mixture, thereby 
limiting the materials selection and processing conditions. In order to avoid these difficulties, an 
infiltration method (Figure 2.1(b)) could be an alternative process for composite cathode fabrication. 
This method allows reducing the sintering temperature for composite cathode fabrication, unlike 
conventional composite fabrication process, since the cathode sintering process is separated from that 
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of the electrolyte. The lower sintering temperature further enables to improve electrochemical 
performance by maximizing the electrochemically reactive sites via nano-structured electrodes. 
Another strong point is associated with improved long-term stability based on reduced thermal 
expansion coefficient (TEC) mismatch between the cathode and electrolyte.13–17 Generally, cobalt- 
based perovskite cathode materials suffer from high TEC issues in spite of their excellent electrical 
and catalytic properties. The TEC mismatch between the electrolyte and cobalt-based cathodes 
accelerates thermo-mechanical stresses at the interfaces during the heating or cooling process, which 
may lead to performance degradation. In this respect, the infiltration method effectively reduces this 
TEC mismatch by reason of electrolyte-based porous backbone.15 
 
 
Figure 2.1. Schematic illustration of (a) a conventional composite electrode composed of MIEC and 
an electrolyte material (b) a composite electrode prepared by infiltration method. 
 
These excellent advantages motivated us to employ the infiltration method for composite cathode 
fabrication with the cobalt-based perovskite materials in this study. A highly active 
La0.5Ba0.25Sr0.25Co0.8Fe0.2O3-δ (LBSCF) cathode is selected as a promising MIEC material due to its 
high oxygen ion diffusivity and high ORR catalytic activity at intermediate temperatures.4,18,19 For 
electrolyte material selection, an yttria-stabilized zirconia (YSZ) electrolyte is widely used as the most 
reliable ionic-conducting material in SOFCs. However, the ionic conductivity is unacceptably low in 
an intermediate temperature range. Alternatively, a La0.9Sr0.1Ga0.8Mg0.2O3-δ (LSGM) electrolyte is 
suggested as a promising electrolyte for IT-SOFCs on the basis of the high oxide ionic conductivity 
and good chemical stability in comparison with YSZ.20,21 Here, we evaluate the microstructural, TEC, 
and electrochemical properties of the successfully fabricated nano-structured LBSCF-LSGM 
composite via infiltration method as an IT-SOFC cathode. 
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2.2 Experimental 
 
The tape-casting method was used to fabricate the tri-layer cell (porous LSGM/ dense LSGM/ porous 
LSGM). To make dense LSGM layer, LSGM powder (Kceracell Co., Ltd) and brown menhaden fish 
oil (Tape casting warehouse) were put into an organic solution composed of ethanol and xylene 
(Aldrich, 98.5 + %). After ballmilling for 24 hours, polyalkylene glycol (Tape casting warehouse), 
butyl benzyl phthalate (Tape casting warehouse), and polyvinyl butyral (Tape casting warehouse) were 
added and then ball-milled for 24 hours again. To make porous LSGM layer, graphite as a pore former 
was added along with LSGM powder, and same fabrication procedures as dense LSGM slurry were 
conducted. The dense and porous LSGM slurries were fabricated into a shape of tape and then dried at 
room temperature. Resulting tapes were laminated as a tri-layer configuration and were fired at 
1500°C for 6 hours in air. The thickness of the dense electrolyte layer and the porous electrode layer 
after firing is approximately 100 μm and 30 μm, respectively. The active electrode area is 0.36 cm2. 
The porosity of porous LSGM scaffold measured by Archimedes method is about 60%. 
To prepare the LBSCF solution, stoichiometric amounts of La(NO3)3·6H2O (Aldrich, 99.9%), 
Ba(NO3)2 (Aldrich, 99+%), Sr(NO3)2 (Aldrich, 99+%), Co(NO3)2·6H2O (Aldrich, 98+%),   
Fe(NO3)3·9H2O (Aldrich, 98%), and citric acid were dissolved into distilled water. The pH value of the 
solution was adjusted to be approximately 4 by adding ammonium hydroxide. For an anode electrode, 
the PrBaMn2O5+δ (PBMO) solution was also prepared by the same abovementioned process using 
Pr(NO3)3·6H2O (Aldrich, 99+%), Ba(NO3)2 (Aldrich, 99+%), Mn(NO3)2·4H2O (Aldrich, 98%) and 
citric acid. For the single cell fabrication, LBSCF and PBMO solution were infiltrated into each 
porous LSGM scaffold at room temperature in ambient air. And then, the cells were calcined at 450°C 
in atmospheric pressure air. The infiltration process was repeated until 40 wt% loading amounts,22–24 
and the infiltrated cell was sintered at 800°C for 4 hours in air to form the desired perovskite structure. 
The phase structure of materials was identified by X-ray diffraction (XRD) (Bruker D8 Advance) 
measurements in a range of 20o < 2θ < 60o. The microstructures of the LSGM and LBSCF were 
analyzed by using a scanning electron microscope (SEM) (Nova SEM). 
To measure the electrochemical performance of an as-prepared cell, Ag paste was painted on the active 
electrode as a current collector and then Ag wires were attached to both electrodes. Then, the cell was 
laid on an alumina tube and fixed by a ceramic adhesive (Aremco, Ceramabond 552). AC impedance 
spectroscopy was used to evaluate the ASR of symmetric cells at open-circuit voltage (OCV) in air. 
For the single cell test, a flow rate of 100 mL min−1 of humidified H2 (3% H2O) and dry air were 
supplied to the anode and the cathode, respectively. I-V curves were obtained with a BioLogic 
Potentiostat in the temperature range from 550 to 700°C. 
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2.3 Results and Discussions 
 
Figure 2.2(a) shows the XRD patterns of infiltrated LBSCF-LSGM composite sintered at 800°C in 
air. In general, undesired reactions at the interface between the electrode and the electrolyte materials 
in the composite mixture cause resistive secondary phases.6 Such secondary phases degrade cell 
performance because they affect a restriction of electronic and oxide-ionic transport. Therefore, the 
composite should retain its own phases of the electrode and electrolyte materials at the sintering 
temperature. In terms of this reactivity screening, LBSCF- LSGM composite seems to be chemically 
compatible without any detectable impurities. Figure 2.2(b) presents the in-situ XRD patterns of 
LBSCF-LSGM composite prepared via infiltration method. LBSCF clearly maintains a simple 
perovskite structure over the measured temperature range without any undesirable reaction with 
LSGM. The main diffraction peaks of LBSCF shift to lower 2θ values with an increase of temperature, 
meaning that the volume of unit cell increases. Figure 2.2(c) displays the temperature dependence of 
the unit cell volume for LBSCF. The TEC was calculated by lattice volume change from the in-situ 
XRD patterns. The TEC value of infiltrated LBSCF is 16.6 × 10−6 K−1 in the temperature range of 
100–800°C. Considering the TEC value of LSGM (11.5 × 10−6 K−1)25 and general cobalt-based 
perovskite materials such as GdBa0.5Sr0.5Co1.5Fe0.5O5+δ (24.0 × 10−6 K−1),26 it is confirmed that the 
infiltrated LBSCF exhibits a fairly acceptable TEC value. 
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Figure 2.2. (a) XRD patterns of infiltrated LBSCF-LSGM composite sintered at 800oC in air. (b) In-
situ XRD patterns of infiltrated LBSCF-LSGM composite measured at various temperatures in air. (c) 
Temperature dependences of unit cell volume for LBSCF prepared by infiltration method. 
 
Figure 2.3 presents a cross-sectional view of the tri-layer structure (porous LSGM/dense 
LSGM/porous LSGM) and high-resolution images of a porous LSGM before and after infiltration. Tri-
layer structure of an as-prepared LSGM cell shows a well-made dense electrolyte layer without any 
observable pinholes or cracks and good adhesion between the electrolyte and electrode, as can be seen 
in Figure 2.3(a). The thickness of the electrolyte layer and the electrode layer is about 100 μm and 30 
μm, respectively. Figures 2.3(b–d) indicate a porous LSGM scaffold before and after LBSCF 
infiltration. The fully-formed LBSCF nanoparticles are uniformly distributed with the average particle 
size of 30 nm on the surface of the LSGM. The uniform coating of nanoparticles could well create a 
good interconnection between the particles and thus improves ORR catalytic activity. Hence, nano- 
sized particles provide sufficient TPB length and high surface area for electrochemical reaction, 
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leading to outstanding electrochemical performance.5,27–30 In these regards, the microstructure of 
infiltrated LBSCF-LSGM composite could be a key factor for excellent cell performance. 
 
 
Figure 2.3. SEM images of (a) cross-sectional view of an as-prepared LSGM cell, (b) porous LSGM 
scaffold, (c) infiltrated LBSCF-LSGM composite sintered at 800oC in air, (d) high-resolution image of 
infiltrated LBSCF-LSGM composite. 
 
Figures 2.4(a–c) show AC impedance spectra with fitting curve by equivalent circuit, Arrhenius plot, 
and short-term stability of a symmetric cell (LBSCF-LSGM/LSGM/LBSCF-LSGM). In the Nyquist 
plot of Figure 2.4(a), the ohmic resistance is the intercept of the real axis at high frequency and mainly 
comes from electrolyte resistance. Polarization resistance is a difference between high-frequency and 
low-frequency intercept in the real axis, which typically consists of a charge transfer resistance and a 
non-charge transfer resistance. The charge transfer resistance is mainly related to a charge transfer 
reaction during oxygen ion diffusion at the electrode and the non-charge transfer resistance is 
associated with oxygen surface exchange and gas-diffusion of the electrode surface.31 The polarization 
resistances of infiltrated LBSCF-LSGM composite are 0.010, 0.020, and 0.049  cm2 at 700, 650, and 
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600°C, respectively, as shown in Figure 2.4(a). The results are extremely lower than those of 
conventional composite structured La0.6Sr0.4Co0.2Fe0.8O3-−LSGM (0.69  cm2 @ 600oC)32, infiltrated 
Pr2NiO4+−LSGM (0.11  cm2 @ 650oC)33, infiltrated SrFe0.75Mo0.25O3-−LSGM   (0.28  cm2 @ 
600oC)34, and infiltrated La0.5Ba0.5CoO3-−LSGM  (0.22  cm2 @ 600oC)35. These exceptionally high 
electrochemical performances might be attributable to the extended TPB sites in relation to the 
LBSCF-LSGM microstructure shown in Figure 2.3 as well as high ORR catalytic activity of LBSCF. 
The impedance spectra data were fitted using an equivalent circuit consisting of ohmic resistance (R1), 
and two parallel RQ elements (R2Q2-R3Q3) connecting in series as shown in the inset of Figure 2.4(a). 
A raw impedance spectra and the corresponding fit curves are in good agreement. The variation of the 
polarization resistance as a function of temperature in air is provided in Figure 2.4(b). The apparent 
activation energy values of LBSCF-LSGM composite from high-frequency (R2) and low-frequency 
(R3) arc contribution are 113.14 and 134.84 kJ mol−1 over the measured temperature range, 
respectively. In order to examine the composite stability in operating conditions, moreover, the ASRs 
of a symmetric cell were periodically measured at 600°C under OCV condition. As can be seen in 
Figure 2.4(c), the cell shows a fairly stable performance without any detectable degradation for 50 h. 
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Figure 2.4. (a) Impedance spectra and (b) Polarization resistance as a function of temperature of a 
symmetric cell in air. The inset shows an Arrhenius plot of the polarization resistance from high-
frequency and low-frequency arc contribution of a symmetric cell. (c) Short-term stability of a 
symmetric cell at 600oC under OCV condition. 
 
These results motivated us to select LBSCF as a cathode material for single cell fabrication. Moreover, 
PBMO is used for an anode material on the basis of its fast oxygen kinetics, good thermal stability, 
and high electrical conductivity in reducing condition.36–40 An LSGM electrolyte-supported single cell 
(LBSCF- LSGM/LSGM/PBMO-LSGM) was prepared by LBSCF-LSGM composite cathode and 
PBMO-LSGM composite anode via infiltration method. Figure 2.5(a) presents the voltage and power 
density as a function of the current density for the single cell using humidified H2 (3% H2O) as the fuel 
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and dry air as the oxidant. The OCV values of a single cell are near 1.1 V in the measured temperature 
range, indicating a gastight sealing across the electrolyte. The maximum power densities are 0.902, 
0.557, 0.303, and 0.133 W cm-2 at 700, 650, 600, and 550oC, respectively. To the best our knowledge, 
there is only one publication related to the single cell performance of LSGM-based infiltrated 
composite cathode. The maximum power density with infiltrated Sr2Fe1.5Mo0.5O6-LSGM composite 
cathode is demonstrated as  W cm-2 at 700oC which is similar to our study.41 These performances 
are generally higher than YSZ-based infiltrated composite cathodes such as GdBa0.5Sr0.5CoFeO5+ -
YSZ   (0.593 W cm-2 @ 700oC)5 and La0.6Sr0.4Co0.2Fe0.8O3- -YSZ (0.640 W cm-2 @ 700oC)42 because 
of high ionic conductivity of LSGM in an intermediate temperature range. The reasons for our high 
cell performance may be attributable to the microstructural benefits of the electrode, which expands 
electrochemically reactive sites. In addition, good electrocatalytic activity of LBSCF, and high ionic 
conductivity of LSGM had a positive effect on achieving high performance. Figure 2.5(b) shows the 
impedance spectra of a single cell under OCV condition. The ohmic resistances are 0.195, 0.288, 
0.452, and 0.772  cm2 at 700, 650, 600, and 550oC, respectively. The non-ohmic resistances are 
0.223, 0.320, 0.575, and 1.548  cm2 at 700, 650, 600, and 550oC, respectively. Considering 
extremely small cathode ASR, these non-ohmic resistances seem to be mainly originated from anodic 
losses.13 The expected anodic polarization resistances are about 0.213, 0.300, 0.526, and 1.366   cm2 
at 700, 650, 600, and 550oC, respectively. Therefore, the infiltrated LBSCF-LSGM composite could be 
an attractive cathode material for IT-SOFCs. 
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Figure 2.5. (a) I-V curves and corresponding power density curves and (b) impedance spectra of a 
single cell in a temperature range of 550-700oC. 
 
2.4 Conclusions 
 
In summary, the composite with a highly active LBSCF cathode material and an LSGM electrolyte 
material was fabricated via infiltration method to maximize cathode performance from extended ORR 
reaction sites. The infiltrated LBSCF-LSGM composite cathode is evaluated in terms of 
microstructural, thermal expansion, and electrochemical properties for IT-SOFCs. Due to the 
relatively low sintering temperature for composite fabrication, nano-sized LBSCF- LSGM composite 
cathode is successfully formed. Moreover, the thermal expansion behavior of infiltrated LBSCF 
cathode is quite compatible with LSGM electrolyte. The ASR values of a symmetric cell with 
infiltrated LBSCF-LSGM composite are 0.010, 0.020, and 0.049  cm2 at 700, 650, and 600°C, 
respectively, and the maximum power density of a single cell is about 0.9 W cm−2 at 700°C. The 
present work demonstrates that infiltrated LBSCF-LSGM composite is considered to be a highly 
promising cathode material for IT-SOFCs. 
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